Sulphite at concentrations from 0.05 to 5.0 mM was Sulphur dioxide is a phytotoxic air pollutant, altering supplied to illuminated, detached poplar (Populus plant growth and metabolism. It enters the leaf through deltoides Bartr. ex Marsh) leaves via the transpiration the stomata and dissolves in tissue water forming protons, stream. The rate of CO 2 fixation and partitioning of bisulphite and sulphite. The sulphite ions are the predomnewly fixed carbon between sucrose and starch were inant toxic species accumulating in the cell (Pfanz et al., measured and compared with the contents of selec-1987). ted phosphorylated intermediates, the contents of Sulphite can alter photosynthetic carbon fixation and fructose-2,6-bisphosphate (Fru2,6BP) and the activathe associated O 2 evolution, light-driven electron transtion of sucrose-phosphate synthase (SPS). Supplying port, photophosphorylation, activity of Calvin cycle leaves with ≤0.5 mM sulphite led to an increase in enzymes, activity of light-modulated enzymes, and the the sucrose/starch partitioning ratio without alterphosphate translocator ( Wellburn, 1985, and literature ing the rate of 14CO 2 fixation. The increase in sucrose cited therein). synthesis compared to starch synthesis was accomSulphite can also stimulate the export of intermediates panied by relatively small changes of 3-phosphogly-(especially triose-P) out of chloroplasts (Marques and ceric acid (PGA), fructose-1,6-bisphosphate (Fru1,6BP), Anderson, 1986), inhibit the loading of sucrose into the hexose phosphates (hexose-P), uridine 5∞-diphosphoconducting complex (Lorenc-Pluciń ska and Ziegler, 1989; glucose (UDPGlc), an accumulation of triose phosMaurousset et al., 1992) and lead to an accumulation of phates (triose-P), an activation of SPS, and decreased starch in leaves (Lorenc-Plucińska and Ziegler, 1993). Fru2,6BP contents. Supplying leaves with ≥1.0 mM
pulverized leaf samples were extracted in 5 vols ice-cold 0.08 N several characteristics of the effect of sulphite on photoNaOH and 7.5% (w/v) Polyclar AT (Serva) for 15 min under synthesis and sucrose transport have been determined for continuous shaking. The extract was then incubated for 10 min this species (Lorenc-Pluciń ska, 1994) .
at 80°C, centrifuged (10 000 g, 5 min), the supernatant removed and used for the determination of Fru2,6BP by an assay based on the stimulation of PP i -phosphofructokinase from a potato
Materials and methods
tuber ( Van Schaftingen, 1984) .
Plant material Metabolite recovery Populus deltoides Bartr. ex Marsh plants were grown from
To check for metabolites during the extraction and assay, open-pollinated seeds in a greenhouse in natural day/night representative amounts of authentic metabolites were added cycles at a temperature of 22/16°C and relative humidity of to plant samples during extraction. Recovery of added metabol-60/80%. The seeds were from poplar trees species growing in ites (in %, ±SD) was: triose-P:81±12, PGA:90±12, experimental plots at the Institute of Dendrology in Kó rnik Fru1,6BP:90±6, Fru6P:89±12, Glc6P:88±6, Glu1P:102±10, (52°15∞W/17°06∞E). They were sown at the end of May. Garden UDPGlc:80±9, Fru2,6BP:77±14. Measured metabolites were soil mixed 351 with peat was used as a growth medium. The not corrected for recovery. resulting plants were used for study when the 16th leaf from the stem base (the index leaf ) reached 2±0.1 cm in length.
Sucrose-phosphate synthase (SPS) Leaves 7, 8 and 9 below the index leaf were selected for Extracts for measurement of SPS were prepared by a modificaexperiments.
tion of established procedures (Huber and Huber, 1990) . The pulverized leaf samples were extracted in a 5 vols ice-cold Experimental treatments extraction buffer containing 50 mM HEPES-NaOH (pH 7.5), Sulphite was supplied to illuminated detached leaves via the 10 mM MgCl 2 , 1 mM EDTA, 0.5 mg ml−1 BSA, 0.1% (v/v) transpiration stream. Selected leaves were excised at the end of Triton X-100, 5% (w/v) PVPP, and 2.5 mM freshly added a 13 h dark period. Immediately the petioles were recut while dithiothreitol (DTT ). Extracts were filtered through two layers submerged in degassed distilled water and transferred into of Miracloth and centrifuged at 14 000 g for 3 min at 0-4°C. plastic vials containing 1 ml H 2 O or 0.05, 0.1, 0.5, 1.0, 2.5, and The resulting supernatant was desalted on Sephadex G-25 5.0 mM of Na 2 SO 3 solution and illuminated (300 mmol m−2 s−1 columns (PD-10 SIGMA Chemical Co.) equilibrated with PAR) at 22-25°C for 30 min in moving air. The sulphite extraction buffer minus Triton X-100 and less PVP. solution was prepared in distilled water. All feeding solutions
The activity of SPS was assayed as described by Huber et al. were buffered at pH 7.0 with 1 mM HEPES-NaOH. At the end (1989) but with minor modifications. The 'selective' (substrate of this treatment leaf samples were transferred to liquid nitrogen limiting) assay mixture contained 50 mM HEPES-NaOH in the light and stored in liquid N 2 or at −80°C until required. (pH 7.5), 15 mM MgCl 2 , 2.5 mM DTT, 3 mM Fru6P, 12 mM The amount of solution taken up into the leaf was estimated Glc6P, 10 mM UDPGlc, 10 mM P i , and 50 ml of tissue extract by the weight lost from the cuvette plus leaves as in Brauer in a final volume of 100 ml. The 'non-selective ' (substrate et al. (1990) . For each sulphite concentration three leaves from saturating) assay mixture contained 50 mM HEPES-NaOH three different plants were placed in three separate vials; for (pH 7.5), 15 mM MgCl 2 , 2.5 mM DTT, 10 mM Fru6P, 40 mM further analysis they were taken together and represented one Glc6P, 10 mM UDPGlc, and 50 ml of tissue extract in a final replication of the experiment.
volume of 100 ml. The reaction mixtures were incubated for 10 min at 25°C. Assays were terminated by the addition of Metabolite extraction and determination 100 ml of 30% KOH and placed in boiling water for 10 min. Frozen leaf samples (one sample: three leaves, without petiole After cooling, 1.0 ml of 14% anthrone in 13.8 N H 2 SO 4 was and the mid-rib) were homogenized under liquid nitrogen in a added and incubated at 40°C for 20 min prior to measuring Braun Microdysmembrator (Melsungen, FRG). The resulting absorbance at 620 nm. powder was mixed well in liquid N 2 and used for metabolite extraction.
Labelling with 14C At the end of a 13 h dark period, the detached leaves were Phosphorylated metabolites placed in an assimilation chamber made from Plexiglas with a The pulverized leaf samples were extracted for 15 min at 0°C water jacket outside and connected to a closed air-circulating in 3 vols ice-cold 5% (v/v) HClO 4 containing 5% (w/v) insoluble system of 2130 cm3 capacity. The petiole extending outside PVP (Polyclar AT, Serva), centrifuged at 14 000 g for 5 min at the chamber was immersed in water or in sulphite solution 0-4°C and the supernatant was neutralized according to as described above. After 5 min of preirradiation at Servaites et al. (1987) with 2 N KOH, 0.4 M KCl, 0.4 M 300 mmol m−2 s−1 at 22-25°C in natural atmosphere, 14CO 2 imidazole base, 50 mM EDTA, and after 10 min in ice, was introduced into the system. The total radioactivity introrecentrifuged. Triose phosphates (triose-P: glyceraldehydeduced was 1.4 MBq and the initial CO 2 was 0.05%. The 14CO 2 3-phosphate+dihydroxyacetone phosphate), 3-phosphoglyceric had been liberated from NaH14CO 3 following the addition of acid (PGA), fructose-1,6-bisphosphate (Fru1,6BP), glucose-5 N H 2 SO 4 . The leaves were exposed to 14CO 2 for 30 min. After 1-phosphate (Glc1P), glucose-6-phosphate (Glc6P), fructoseexposure to 14CO 2 the leaves were quenched in liquid N 2 6-phosphate (Fru6P), and uridine 5∞-diphosphoglucose without interrupting the illumination and were kept at −80°C. ( UDPGlc) were determined spectrophotometrically using
The leaves (without petioles and mid-rib) were then homogenenzyme-coupled assays (Lowry and Passonneau, 1972) .
ized under liquid nitrogen in a Braun Microdysmembrator (Melsungen, FRG). The radioactive compounds were extracted Fructose 2,6-bisphosphate (Fru2,6BP) and separated into neutral sugars and starch according to Stringer and Kimmerer (1993) . The incorporation of 14C into Extracts for measurement of Fru2,6BP were prepared by the method of Einig and Hampp (1990) with modifications. The starch was assayed after amyloglucolytic hydrolysis of the Sulphite was supplied to illuminated, detached poplar leaves via the transpiration stream for 30 min. The transpired volume was about 65-85% of leaf fresh mass. The were observed when sulphite was applied at concentratranspired volume was significantly decreased when sulphtions ≤0.5 mM ( Fig. 1 ). ite at concentrations ≥1.0 mM was supplied. The average Application of sulphite at concentrations ≥1.0 mM led concentration of sulphite in the leaf after supplying 0.05, to a 1.5-fold decline in PGA content with a corresponding 0.1, 0.50, 1.0, 2.5, and 5.0 mM sulphite was calculated to and significant rise in triose-P, Fru1,6BP, Fru6P, and be 0.033, 0.066, 0.275, 0.470, 1.0, and 1.45 mM, respectGlc6P contents and a large reduction in both the PGA/ ively. The effect of sulphite on carbon metabolism was triose-P and Glc6P/Fru6P ratios (Fig. 1) . These changes measured immediately.
were accompanied by a minimal increase in Glc1P content and decrease in UDPGlc content ( Fig. 1) . Partitioning between sucrose and starch SPS activity and the level of Fru2,6BP The direction of change in CO 2 assimilation and the synthesis of sucrose and starch under the influence of The rate of sucrose formation and the partitioning of sulphite depended on the concentration of sulphite used.
photoassimilates between sucrose and starch depend on Feeding leaves with sulphite at concentrations ranging SPS activity (Huber and Huber, 1996) and the content from 0.05 to 1.0 mM through the transpiration stream of Fru2,6BP (Stitt, 1990) . Therefore, in order to characin the light did not significantly change CO 2 fixation terize further the stimulation and inhibition of sucrose ( Table 1) . However, CO 2 fixation was inhibited after synthesis by sulphite, the effects of sulphite concentration adding 2.5 or 5.0 mM sulphite ( Table 1) . on F2,6BP content and SPS activity were investigated. Analysis of end-products showed that sucrose synthesis To distinguish between the kinetically active and the was stimulated at sulphite concentrations <0.5 mM and kinetically inactive forms of SPS (Stitt et al., 1988) , inhibited at sulphite concentrations ≥1.0 mM ( Table 1) . enzyme activity was assayed under limiting (selective In contrast, the rate of starch synthesis was decreased at assay) and saturating (non-selective assay, V max activity) 0.05-0.50 mM sulphite and increased by treatment with substrate concentrations with and without added P i , 1.0-5.0 mM sulphite ( Table 1) . As a consequence, the respectively. ratio of sucrose synthesis/starch synthesis was increased
In the non-selective assay, SPS showed higher activity by ≤0.5 mM sulphite and decreased when ≥1.0 mM than in the limiting (selective) conditions in both the sulphite was supplied ( Table 1) .
control and sulphite-treated leaves ( Fig. 2) . Supplying sulphite in concentrations <0.5 mM to the leaves led to Metabolites an increase in the SPS activity when it was assayed under limiting conditions ( Fig. 2) . The non-selective assay did After supplying sulphite at concentrations ≤0.5 mM, the amount of triose-P significantly increased (Fig. 1) . In not show marked changes in SPS activity. On the other hand, exposure of the leaves to sulphite at concentrations contrast, no statistically significant alterations in the contents of PGA, Fru1,6BP, Fru6P, Glc6P, Glc1P, and ≥1.0 mM induced a decrease in SPS activity measured in both the limiting and saturating conditions ( Fig. 2) . UDPGlc as well as in the PGA/triose-P and Glc6P/Fru6P ratios in sulphite-treated leaves as compared to the control The content of Fru2,6BP markedly decreased only after (±SD, . Due to zero values the root squared compression of the abscissa instead of the logarithmic one was applied. *, ** values were significantly different from the control (without sulphite) at P<0.05 and P<0.01, respectively.
In the chloroplast stroma, sulphite can be partly photoreduced to sulphide by sulphite reductase in a ferredoxindependent reaction (Hennies, 1975) . However, a larger portion of sulphite within the stroma exists in an exchangeable form (Hampp et al., 1980) . If significant amounts of sulphite are imported into the chloroplasts, stromal concentrations of P i and triose-P will decrease, the triose-P/P i exchange will be uncoupled, and the synthesis of sucrose will be impaired or eventually stopped. Depletion of stromal P i would also depress light-induced ATP and NADPH formation ( Wellburn, 1985 , and literature cited therein). Thus, the transport equilibrium in reducing equivalents between the stroma and cytosol, biosynthetic processes, will likely be disrupted.
conditions plus P i (as in Materials and methods). Each data point
The increased rate of sucrose synthesis after feeding represents an average value (±SD, n=8-10). Otherwise as for Fig. 1 .
with the lowest concentrations of sulphite ( Table1) can be also explained by changes in the amounts of Fru2,6BP ( Fig. 1) . The Fru2,6BP is a cytosolic effector which applying 0.05 and 0.1 mM of sulphite and increased between 2 and 4-fold as the sulphite concentration regulates sucrose synthesis by inhibiting the Fru1,6BPase and activating pyrophosphate-dependent fructoseincreased from 1.0 to 5.0 mM ( Fig. 1) .
6-phosphate 1-phosphotransferase (PFP) (Stitt, 1990) . With decreased contents of Fru2,6BP, the activity of
Discussion
Fru1,6BPase will not be inhibited and the activity of PFP can be stimulated (Stitt, 1990) facilitating the flow of An increased rate of sucrose synthesis occurred following the treatment of poplar leaves with sulphite at concentraphotosynthate towards sucrose biosynthesis. The SPS plays a 'pivotal role' in assimilate partitioning, tions that did not affect the rate of 14CO 2 fixation ( Table 1) . When an inhibition of CO 2 fixation did occur and the activity of SPS is positively correlated with the rate of sucrose synthesis (Huber and Huber, 1996) . After at higher concentrations of sulphite, the partitioning of photosynthetically fixed carbon shifted towards starch supplying ≤0.5 mM of sulphite, the activity of the SPS measured in the limiting assay increased ( Fig. 2) . In and the degree of reduction in sucrose synthesis exceeded the inhibition of CO 2 fixation ( Table 1) . contrast, the V max of SPS varied less than 12% ( Fig. 2) . Therefore, the lowest sulphite concentrations caused The lowest concentrations of sulphite (≤0.5 mM ), which increased partitioning of carbon into sucrose, led alterations in the kinetic properties of the enzyme, appearing as changes in sensitivity to inhibition by P i . to relatively small changes in PGA, Fru1,6BP, hexose-P, and UDPGlc contents, but also to an accumulation of The activation of SPS together with the decreased Fru2,6BP content suggests an additional explanation for triose-P and a decrease of Fru2,6BP contents ( Fig. 1) . Increased contents of triose-P may have been a conthe increased carbon partitioning into sucrose in the leaf tissue treated with the lowest (0.05-0.5 mM ) sulphite sequence of the stimulatory effect of sulphite on the export rate of triose-P out of chloroplasts (Marques and concentrations. With increasing sulphite concentration over the range Anderson, 1986) . The export of triose-P is catalysed by the phosphate translocator of the inner chloroplast envelbetween 1.0 and 5.0 mM and increasing inhibition of photosynthesis, the rate of sucrose synthesis was ope and is strictly coupled to the simultaneous uptake of P i (Stitt et al., 1987) . The phosphate translocator is also decreased while starch synthesis was increased ( Table 1) . Sulphite feeding at concentrations above 1.0 mM also responsible, at least in part, for the movement of sulphite ions into and out of chloroplasts in exchange for P i , PGA resulted in an increase of the total amount of precursors for sucrose synthesis and Fru2,6BP and a decrease in SPS and triose-P (Hampp and Ziegler, 1977; Hampp et al., 1980) . The influx of sulphite is increased by P i and this activity ( Figs 1, 2) . These data suggest that sucrose synthesis was inhibited by regulation, rather than by a process is further enhanced by an exchange for photosynthetically synthesized triose-P and PGA (Hampp et al., decreased supply of intermediates. The contents of triose-P, Fru1,6BP, hexose-P were 1980). Rising triose-P contents in the cytosol could lead to an exponential increase of Fru1,6BP and stronger increased when sucrose formation was inhibited after feeding with ≥1.0 mM of sulphite (Fig. 1) . There was activation of the cytosolic fructose-1,6-bisphophatase ( Fru1,6BPase) which will stimulate sucrose synthesis (Stitt also a decline in PGA (Fig. 1) . Increased amounts of triose-P together with a decreased PGA content and et al., 1987).
PGA/triose-P ratio ( Fig. 1) (Fig. 1) , a potent for language corrections. I would also like to thank the inhibitor of the cytosolic Fru1,6BPase. The rise of anonymous referees for their comments.
Fru2,6BP content could have resulted from an accumulation of Fru6P ( Fig. 1) which stimulates the formation
